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Recently, the occurrence of cholangiocarcinoma cases was reported among the employees and former employees of an offset printing company in Osaka, Japan 1) . So far, 11 cancer patients have been diagnosed among 62 workers conducting offset color proof printing in this factory, and this surely shows an extremely high incidence rate of this kind of cancer compared with the national average during the same period. In addition, the ages of the workers at diagnosis were 25−45 years, and this is obviously much younger that in the general population. Later, more cases were found in factories, including other offset printing companies, in a national survey sponsored by the occupational health authorities 2) . The occurrence of cholangiocarcinoma in this industry is therefore suspected to be related to some factors in the workplaces.
1,2-Dichloropropane (1,2-DCP) and dichloromethane (DCM) were the substances suspected of causing the cancer, since they were used as the ink cleaners in a large amounts and can easily evaporate into the air, meaning that the workers were therefore exposed to these chlorinated organic solvents at high concentrations. Our colleagues carried out an experiment to reproduce the working environment of the proof-printing room of this company in Osaka and concluded that the exposure concentrations might have been as high as several hundreds ppm for either 1,2-DCP or DCM under the conditions of ordinary work amount 3) , and the latter solvent showed 2-3 fold higher concentration than the former solvent because of the difference in evaporation rate. Other components in the cleaner included 1,1,1-trichloroethane, petroleum- Occurrence of cholangiocarcinoma was recently reported at a high incidence rate among the employees working for an offset printing company in Osaka, Japan. 1,2-Dichloropropane (1,2-DCP) and dichloromethane (DCM) are suspected to be the causes of the cancer, as they had been used as ink cleaners in large amounts. However, it is not clear whether these chlorinated organic solvents played a role in the occurrence of cholangiocarcinoma or why the incidence rate is so high among the workers in this industry. To provide possible evidence for this severe occupational problem, we investigated the genotoxic effects of 1,2-DCP and DCM. Methods: Male B6C3F1 and gpt Delta C57BL/6J mice were exposed by inhalation to the individual solvents or both solvents at multiple concentrations including the levels that were possibly present in the workplaces. The genotoxicity was analyzed by Pig-a gene mutation and micronuclei assays in peripheral blood and gpt mutation and comet assays in the livers of mice after repeated inhalation of 1,2-DCP or/and DCM. Results: The Pig-a mutant frequencies and micronuclei incidences were not significantly increased by exposure of either 1,2-DCP or/and DCM at any concentration, suggesting there was no genotoxic potential in bone marrow for both solvents. In the liver, DNA damage, as measured by the comet assay, was dose dependently increased by 1,2-DCP but not by DCM. The gpt mutant frequency was 2.6-fold that of the controls in the co-exposure group. Conclusions: These results indicate that 1,2-DCP showed stronger genotoxicity in the liver and that the genotoxic hydrocarbons, and surface-active agents, but they were used only for a short period and in small amounts, and therefore were hardly responsible for the cancer occurrences.
There have only been a few reports about the carcinogenesis of 1,2-DCP. A recent report showed that inhalation of the solvent in mice and rats increased the incidence of Harderian gland adenoma and nasal cavity tumor, respectively 4, 5) . By gavage administration, 1,2-DCP induced hepatocellular adenomas in mice but not in rats 6) . In in vitro studies, 1,2-DCP exhibited weak mutagenicity at high concentrations in the Ames test 7−9) and induced sister chromatid exchange and chromosome aberration in CHO cells 10, 11) . There is an unpublished report showing that the micronucleus in bone marrow cells was negative in mice administered 1,2-DCP by gavage 12) . However, the evidence of genotoxicity in the liver, where it is metabolized, is still lacking.
Inhalation of DCM by mice and rats significantly raised the incidences of liver and lung tumors and benign mammary gland tumor, respectively 13) . Genotoxicity is one of the important steps with relevance to cancer development. DCM exhibited genotoxic effects in bacteria 14) and mammalian cells 15) and induced DNA damage in the liver and lung in mice and rats 16, 17) . While chromosome aberration and micronucleus tests in bone marrow cells 14, 18) and the unscheduled DNA synthesis (UDS) assay in hepatocytes showed negative results in mice and rats administered DCM via gavage 19) , DCM inhalation induced chromosome aberration in bone marrow and pulmonary cells and micronuclei (MNs) in peripheral blood erythrocytes 20) . Most of the cancer cases were found to be exposed to both 1,2-DCP and DCM in the workplace, though a few were only exposed to 1,2-DCP. These organic solvents were known to be metabolized by the same oxidizing enzyme, i.e., CYP2E1 21, 22) . Thus, the genotoxic effects of 1,2-DCP and DCM could be enhanced by competitive inhibition or induction of the metabolizing enzymes under a condition of co-exposure, and this may have contributed to the high incidence of cancer. Therefore, it is important to examine what happens with regard to genotoxicity when a subject is exposed simultaneously to the two solvents.
In this study, we investigated the dose response of the genotoxic effects of 1,2-DCP and DCM in mice by inhalation exposure to either a single solvent or co-exposure to the two solvents simultaneously. Different stages of genotoxic effects such as early DNA damage, clastogenicity/aneugenicity and mutagenicity were included in the assessment, and the target was not only the liver but also bone marrow, which represents a different tissue with regard to the metabolizing capacity. We found that 1,2-DCP showed a stronger genotoxic effect than DCM in the liver, and this effect was enhanced by simultaneous exposure to the two solvents.
Materials and Methods

Animals and reagents
During the experiment, we followed the guidelines for the care and use of laboratory animals set forth by the Institutional Animal Care and Use Committee of Japan National Institute of Occupational Safety and Health. B6C3F1 and gpt Delta C57BL/6J mice were purchased from Charles River Laboratories Japan (Yokohama, Japan) and Japan SLC (Hamamatsu, Japan), respectively. They were housed under specific pathogen-free conditions with a 12-h light-dark cycle and given tap water and CE-2 pellets (CLEA Japan Inc.) ad libitum. 1,2-DCP (>98.5% in purity) and DCM (99.5% in purity) were purchased from Tokyo Chemical Industry Co., Ltd. (Tokyo, Japan) and Wako Pure Chemical Industries (Osaka, Japan), respectively.
Inhalation exposure to 1,2-DCP and/or DCM
Eight to ten 8-week-old male B6C3F1 mice were used in each of the eight exposure groups and in the control group. Inhalation exposures were conducted in stainless steel chambers (Sibata Scientific Technology, Tokyo, Japan). The exposure concentrations of 1,2-DCP or DCM were set at 150, 300 and 600 ppm or 400, 800 and 1,600 ppm. Co-exposure groups were exposed to 150 + 400 ppm and 300 + 800 ppm of 1,2-DCP + DCM. The control group was exposed to filtered air only. The selected exposure concentrations were based on a reproductive experiment in the factory 3) . The target exposure concentrations of 1,2-DCP and DCM were monitored using a gas chromatograph (Shimadzu GC-7A) and adjusted with flowmeters to a constant target value ± 5% throughout exposure. B6C3F1 mice were exposed for 6 hours per day, 5 consecutive days per week, for 6 weeks. The duration of exposure was designed taking into consideration that the life-span of erythrocytes is about 40 days. B6C3F1 mice were euthanized under anesthesia 18 hours after the last exposure.
To examine the mutagenicity in the liver, five 8-week-old male gpt Delta C57BL/6J mice were used in each of the three exposure groups and in the control group. The exposure concentrations of 1,2-DCP, DCM and 1,2-DCP + DCM were 300, 800 and 300 + 800 ppm, respectively. The control group was exposed to filtered air only. The mice were exposed for 6 hours per day, 5 consecutive days per week, for 4 weeks. The duration of exposure was determined according to the recommendation in OECD guideline TG488 23) . The mice were euthanized under anesthesia 7 days after the final inhalation to fix mutation.
Pig-a gene mutation assay
Blood was collected from each animal in weeks 3 and 6 after inhalation of 1,2-DCP and/or DCM. The Pig-a mutation assay was conducted as previously described 24) . A flow cytometer (Epics XL-MCL; Beckman Coulter) and the EXPO32 Analysis software were used for data acquisition. After gating for the single cell population, about 1,000,000 TER-119-positive cells were analyzed to determine the frequency of CD24-negative red blood cells (RBCs).
Micronucleus assay
The frequencies of micronucleated reticulocytes (MN-RETs) and micronucleated normochromatic erythrocytes (MN-NCEs) were determined in blood specimens collected in week 6 using an Epics XL-MCL flow cytometer, and following the protocol for the In Vivo Mouse MicroFlow PLUS Kit (Litron Laboratories, Rochester, NY, USA). The frequencies of MN-RETs and MN-NCEs were determined by acquisition of about 20,000 RETs and about 1,000,000 NCEs for each animal.
Alkaline comet assay
A portion of the middle lobe of the liver was removed and minced with a pair of scissors to release the cells in 1 mL of mincing buffer (20 mM EDTA2Na and 10% DMSO in Hank's balanced salt solution (Ca 2+ and Mg 2+ free), pH 7.5) and stored frozen at −80°C until analysis. The comet assay was conducted by using the protocol recommended by the Japanese Center for the Validation of Alternative Methods 25) , except for using a 20-well CometSlide (Trevigen, Gaithersburg, MD, USA). After electrophoresis, the cells were stained with SYBR gold, and the comets were analyzed by using a fluorescence microscope (ECLIPSE E600; Nikon) with a Comet IV capture system (LMS). For each sample, at least 100 cells were scored. The tail intensity (TI) was measured for each nucleus scored.
gpt Mutation assay
High molecular weight genomic DNA was extracted from portions of middle liver lobe by the standard phenol/chloroform method 26) . We rescued lambda EG10 phages using Transpack Packaging Extract (Agilent Technologies) and conducted the gpt mutation assay as previously described 27) , calculating the gpt mutant frequency by dividing the number of 6-thioguanine-resistant colonies after clonal correction by the number of colonies with rescued plasmids. Approximately 1.5 to 3.7 million colonies were obtained from each sample. All mutant colonies obtained were verified by replating on 6-thioguaninecontaining agar plates and further by gpt DNA sequencing as previously described 27) .
Statistical analysis
Statistical significance in the results of the Pig-a assay was examined by the Kruskal-Wallis test with the Steel post hoc test. The Dunnett's test was used for comparison of statistically significant differences in the results of micronucleus, comet and gpt mutation assays between the control and each exposed group. The existence of dose dependence was assessed with the linear regression analysis when significant differences were detected in the Dunnett's test. The slope factor of linear regression was checked for statistical significance. The Tukey-Kramer test was used for comparison of statistically significant differences in the results of the comet assay for the 1,2-DCP-, DCM-and 1,2-DCP + DCM-exposed groups at the same concentration. For statistical analysis of mutation spectra, Fisher's exact test was used with a Bonferroni correction as a multiple comparison 28) . Levels of p<0.05 were considered to be significant.
Results
Pig-a gene mutant frequency
The Pig-a mutant frequencies in total RBCs in weeks 3 and 6 after initial inhalation are shown in Fig. 1 . The mutations induced by the three different doses of 1,2-DCP (150, 300 and 600 ppm) or DCM (400, 800 and 1,600 ppm) were not statistically different from those in the control at weeks 3 and 6. In addition, simultaneous inhalation of 1,2-DCP and DCM at two concentrations did not increase the mutant frequency at either 3 or 6 weeks. A few mice were intraperitoneally administered a single dose of with N-ethyl-N-nitrosourea at 70 mg/kg, and the Pig-a mutant frequencies at 3 and 6 weeks were significantly higher than those of the control (222 ± 81 × 10 −6 at 3 weeks, p=0.0076; 265 ± 312 × 10 −6 at 6 weeks, p=0.0102, the Steel test, n=3). These results suggest that 1,2-DCP and DCM may have no mutagenic potential in hematopoietic stem cells.
Micronuclei incidence in peripheral blood
To examine the clastogenicity/aneugenicity of 1,2-DCP or/and DCM in bone marrow, micronuclei in RETs and NCEs were analyzed in week 6 after inhalation ( Fig. 2A) . The MN incidences in RETs and NCEs were not significantly increased by inhalation of 1,2-DCP (150, 300 and 600 ppm), DCM (400, 800 and 1,600 ppm) or co-exposures (1,2-DCP + DCM, 150 + 400 and 300 + 800 ppm) in comparison with the filtered air control. In addition, the %RETs was also not significantly different among the groups (Fig. 2B) . These results indicate that 1,2-DCP and DCM did not display clastogenicity/aneugenicity or adverse effects on hematopoiesis in bone marrow cells.
Level of DNA damage in the liver
The level of DNA damage in the liver was examined by alkaline comet assay (Fig. 3) . The TI values were dose-dependently increased by exposure to 1,2-DCP, there were statistically significant differences between the medium and high concentrations, and the controls and the slope factor value in the 1,2-DCP-exposed groups was significant (p=7.4 × 10 −4 ). On the other hand, the TI values in mice exposed to DCM were not significantly different from that in the control. In addition, the TI values in the co-exposure groups were further increased, and in the co-exposure group administered a lower concentration, the TI value was significantly higher even than the respective individual exposure at the same concentration. These results suggested that 1,2-DCP may induce DNA damage in the liver and that the damage could be enhanced by DCM.
gpt Mutant frequency in the liver
To evaluate the mutagenicity of 1,2-DCP and DCM in the liver, the mutant frequency was determined in gpt Delta transgenic mice (Fig. 4) . In comparison with the control mice treated with filtered air, the gpt mutant frequencies in the liver were not increased by exposure to 1,2-DCP at 300 ppm and DCM at 800 ppm. On the other hand, in the co-exposure group (1,2-DCP + DCM, 300 + 800 ppm), the gpt mutant frequency was 2.6-fold that of the controls, showing a significant increase. In addition, the ratio of mutations in the A:T pair was significantly increased in the co-exposure group in comparison with the control group ( in which mutations are considered to occur spontaneously.
Discussion
The Pig-a mutant frequencies and MNs in RBCs were not significantly increased by exposure to 1,2-DCP and/or DCM. These results indicate that 1,2-DCP and DCM may have no mutagenic and clastogenic/aneugenic potential in hematopoietic lineage cells. It is considered that these chemicals are metabolized in ; DCP300 vs. DCP300 + DCM800, p=0.0556; DCM800 vs. DCP300 + DCM800, p=0.212 For the gpt assay, more than 1,500,000 colonies derived from the rescued phages per liver per mouse were analyzed. Mutant frequencies are shown as means ± SD. *p<0.05 vs. control (Dunnett's test). The p-values for the Dunnett's test: DCP300, p=0.899; DCM800, p=0.999; DCP300 + DCM800, p=0.034*.
the liver via oxidation and conjugation reactions, and it is the reactive metabolites produced in the liver that may cause toxicities. The metabolism of the chemicals may count for the no observed genotoxic effects in bone marrow under the concentrations used in this study. There is one report about MN induction in bone marrow cells after inhalation of DCM 20) , but DCM was used in that report at 4,000 and 8,000 ppm, a concentration much higher than that we used. Additionally, there have been a few reports of negative results for MNs in bone marrow 14, 18) , and the results were consistent with those of the present study.
Exposure to 1,2-DCP increased the level of DNA damage in liver in a dose-dependent manner. In addition, the gpt mutant frequency in mice exposed to 1,2-DCP at 300 ppm was increased by 32%, though without statistical significance. These results suggest that 1,2-DCP may have genotoxic potential in liver. 1,2-DCP is known to be metabolized by CYP2E1 and GSH conjugation 29, 30) . While the metabolic pathways and the metabolites responsible for the hepatotoxicity and genotoxicity have yet to be elucidated for 1,2-DCP, episulfonium ions produced by GST-dependent bioactivation are especially suspected to react to DNA and then cause genotoxicity like other haloalkanes 31−33) . Both positive and negative results of Ames tests have been reported 6−9, 34, 35) . Most positive results were obtained at quite higher doses than those recommendation by OECD guideline TG471 36) , and obvious growth inhibition was found at these doses 34, 35) . Thus, the positive results of the Ames test are unreliable.
1,2-DCP induced chromosomal aberrations and sister chromatid exchanges in mammalian cells but could not induce MNs in bone marrow of mice 10−12) . These in vivo studies are consistent with our negative results in the Pig-a assay and MN test in the erythrocytes. However, bone marrow is not the target organ for the carcinogenesis of the solvent 4−6) . In this study, we found that 1,2-DCP induced DNA damage in liver tissue, suggesting that 1,2-DCP is metabolized in the liver and that it is the active metabolites that display genotoxicity.
In the liver, DNA damage and gpt mutant frequency were not significantly increased in mice exposed to DCM up to 1,600 ppm. In previous reports, DCM was considered to cause DNA single-strand breaks (SSBs) in the mouse liver 37, 38) . However, the concentrations of DCM at which genotoxicity was detected in those reports were more than 4,000 ppm and higher than the highest dose used in our study. A positive result was obtained in the alkaline comet assay in the livers of mice administered DCM by gavage, but the dosage was substantially high 17) . In contrast, UDS activity and alkylation of DNA were negative in the livers of mice administered 4,000 ppm DCM by inhalation 19, 39) . Thus, DNA damage in the livers of mice administered DCM was only induced at a substantially high dose. The mutagenicity of DCM is well established in Ames tests, but this is not necessarily reflected in mammalian cells 14, 40−43) and animals 19, 39) . Therefore, our negative result for DCM in the comet assay is consistent with other reports 19, 37−39) . Simultaneous exposure to the two solvents increased DNA damage and the gpt mutant frequency in the liver in comparison with individual exposure, suggesting that the mutagenic potential of 1,2-DCP may be enhanced by DCM. However, the mutagenicity in the liver was examined at a single concentration, and further studies under various concentrations and long periods are needed to clarify the mutagenicity of 1,2-DCP and DCM and the effects of co-exposure in the liver. Dose dependence was not observed in the results of the comet assay in the co-exposure groups. The TI value may reach a plateau by saturation of the distribution or metabolic process. Further analyses at lower concentrations are required to examine the dose dependence. Both 1,2-DCP and DCM are metabolized by CYP2E1 21, 22) . In addition, both solvents are known to have glutathione conjugation reactions in their metabolism, and this metabolic pathway is suspected to be related to their toxicities. DCM is mainly metabolized by GSTT1-1, but GST molecular species involved in 1,2-DCP metabolism have not been identified. On the other hand, many haloalkanes are activated by conjugation of glutathione mediated by GSTT1-1 44, 45) , and 1,2-DCP could share the same isozyme in its metabolism. Simultaneous exposure is suspected to elicit competitive inhibition in the metabolic processes. In fact, the amounts of 1,2-DCP and DCM in the liver at the end of the 6-h inhalation period were 1.9-fold and 2.5-fold increased by co-exposure in comparison with individual exposure to 1,2-DCP at 300 ppm and DCM at 800 ppm, respectively (unpublished data). Therefore, the genotoxic effects in the liver may be enhanced by an increase in active metabolites of 1,2-DCP and DCM. Even though the concentration of DCM in the liver of the co-exposure group greatly increased greatly, it may not reach as high as that corresponding to inhalation at 4,000 ppm, the level at which a genotoxic effect was observed. Moreover, DNA damage by 1,2-DCP was induced at a considerably lower dose in comparison with DCM. These results suggest that DNA damage induced by 1,2-DCP could be enhanced by co-exposure of DCM. Induction or suppression of metabolizing enzymes after subchronic exposure to the two solvents may also contribute to enhancement of the genotoxic effect in the liver, and this needs to be investigated further.
Overall, our study showed that 1,2-DCP displayed a genotoxic effect in the liver of mice at concentrations that were present in the workplaces, and this effect was enhanced by DCM. To our knowledge, this constitutes the first evidence regarding the genotoxic potential of 1,2-DCP in vivo. Our findings suggest that 1,2-DCP, not DCM, may be the main, if not the only, chemical causing the occurrence of cholangiocarcinoma in the offset printing factories, and provide some possible explanations for the extremely high incidence of the cancer by showing the enhancement of genotoxicity with co-exposure of the two solvents. However, further studies including studies of the metabolic interaction between 1,2-DCP and DCM, genotoxicity and other toxic effects in cholangiocytes are required to address the reasons for the high incidence of cholangiocarcinoma among the offset printing workers.
